Abstract. Rates of remyelination decline with age and this has been attributed to slower recruitment of oligodendrocyte progenitor cells (OPCs) into areas of demyelination and slower differentiation of OPCs into remyelinating oligodendrocytes. When considering causes for reduced recruitment rates, intrinsic causes (alterations in biological properties of OPCs) need to be separated from extrinsic causes (age-related differences in the lesion environment). Using 40 Gy of X-irradiation to deplete tissue of its endogenous OPC-population, we examined the effects of age on the rate at which adult rat OPCs colonize OPCdepleted tissue. We found a significant reduction in the rate of colonization between 2 and 10 months of age (0.6 mm/week versus 0.38 mm/week). To determine if this represented an intrinsic property of OPCs or was due to changes in the environment that the cells were recolonizing, OPCs from 10-month-old animals were transplanted into 2-month-old hosts and OPCs from 2-month-old animals were transplanted into 10-month-old hosts. These experiments showed that the transplanted OPCs retained their age-related rate of colonization, indicating that the decline in colonizing rates of OPCs with age reflects an intrinsic property of OPCs. This age-related decline in the ability of OPCs to repopulate OPC-depleted tissue has implications for understanding remyelination failure in multiple sclerosis (MS) and developing therapies for remyelination failure.
INTRODUCTION
Remyelination occurs following demyelination in the adult central nervous system (CNS). However, this regenerative process fails in a number of situations, notably multiple sclerosis (MS), leading to chronic demyelination. Strategies to correct the situation could aim to enhance endogenous remyelination or to circumvent the endogenous repair process by transplanting myelinogenic cells. In order to predict the outcome of adopting such strategies, it will be critical to first establish the underlying causes for the limited success of remyelination in MS. These are currently poorly understood but it is clear that defining key factors that could impose limitations on a cell's ability to participate in remyelination will be critical for our understanding of remyelination failure as well as in developing therapeutic strategies to combat the consequences of remyelination failure.
An important biological parameter that is known to impair the efficiency of remyelination in experimental animals is age (1) (2) (3) , and studies examining the underlying causes for the reduction in the rate of remyelination have demonstrated a reduced rate of oligodendrocyte progenitor cell (OPC) recruitment into lesions, along with a slower rate of differentiation (of the recruited OPCs) into remyelinating oligodendrocytes (3) . The authors suggest- ed in this study that the age-related impairment in OPC recruitment could be due to intrinsic changes occurring in the OPCs with age.
In evaluating the underlying causes of the delayed remyelination in old animals, it is important to separate delays arising from the innate properties of the recruited OPCs (intrinsic causes) from delays linked to changes in the signaling environment within the area of demyelination that are associated with increasing age (extrinsic causes). The previous examination of age-related changes in the rates of OPC recruitment (3) could not distinguish the relative contribution of the lesion environment versus intrinsic cellular changes in OPCs to the reduction in OPC recruitment rates. In order to do this, demyelination and recruitment have to be separated. This is particularly important given the observation that the increase in OPC numbers in demyelinated areas during remyelination occurs concurrently with macrophage influx into these areas (3) (4) (5) , with some studies suggesting that macrophages may produce some of the factors that are likely to play key roles in driving remyelination (6, 7) .
Based on the observation that 40 Gy X-irradiation depletes the rat spinal cord of its endogenous OPC population, we recently designed experimental models (8) where it is possible to examine the intrinsic rate at which OPCs repopulate areas from which they are absent, in the absence of demyelination and the associated inflammatory environment. Here, we have examined how the rate of colonization of tissue by OPCs in vivo is influenced by age using immunohistochemical procedures to detect the NG2 proteoglycan, which is considered to be a reliable marker for OPCs in the spinal cord of rats (9, 10) . Our findings demonstrate a significant reduction in the intrinsic recolonizing potential of OPCs with age, which
MATERIALS AND METHODS

Examination of Effects of Age on the Rate of Repopulation of OPC-Depleted Tissue by Endogenous Adult OPCs
Two groups of male PVG rats (Harlan, Oxon, UK) were used aged 2 months (n ϭ 7) or 10 months (n ϭ 7). Rats were anesthetized using fentanyl citrate/fluanisone (Hypnorm; Janssen Pharmaceuticals, Piscataway, NJ) and placed in lateral recumbency. A 7-mm length of the spine was irradiated with 40 Gy of X-irradiation maintaining T13 as the center of the X-irradiated zone. Lead shielding was used to protect the remainder of the animal. Radiographs were taken during the irradiation procedure in order confirm the accurate positioning of the animal. Animals were allowed to survive for 4 weeks (n ϭ 4 in each group) or 6 weeks (n ϭ 3 in each group). Rates of colonization of adult OPC-depleted tissue by endogenous OPCs in 5-monthold rats and neonatal transplanted OPCs were available from 2 previous studies (8, 11) . Additionally, 2 male Sprague Dawley rats aged 24 months were irradiated (7-mm lengths) and killed at 4 weeks post-irradiation.
Irradiated animals were killed under pentobarbitone anesthesia and perfused through the aorta with 4% paraformaldehyde in 0.1 M phosphate buffer. Lengths of spinal cord (1.5 cm) centered on T13 were dissected out and sunk overnight in 30% sucrose made up in DEPC-treated double distilled water. Sunken cords were frozen in isopentane and stored at Ϫ20ЊC. Twenty-m-thick longitudinal sections were cut in a cryostat at Ϫ18ЊC and sections were collected onto poly-L-lysine coated slides and stored at Ϫ20ЊC until use.
NG2 Immunohistochemistry
Immunohistochemical methods used to detect the NG2 antigen on cells have been described previously (12) . Briefly, sections were trypsinized mildly in a solution of 0.01% trypsin in PBS. Slides were incubated in a preincubation solution of 0.3% Triton-X 100, followed by overnight incubation of sections in a 1:150 solution of rabbit anti-NG2 primary antibody (Chemicon Ltd., Hampshire, UK) at 4ЊC. This was followed by incubation in biotinylated goat anti-rabbit antibody (Sigma Inc., Dorset, UK) for 3 h at room temperature (RT). Sections were then incubated in standard ABC reagent (Vectastain Elite ABC kit; Vector Laboratories, Burlingame, CA) followed by visualization using diaminobenzidine. Slides were air-dried and coverslipped using DPX mounting medium.
Measurements of OPC Densities in Young and
Old Animals
In order to establish if the densities of OPCs are different in normal (nonirradiated) tissue from 2-and 10-month-old animals, the numbers of OPCs were estimated in sections stained for NG2 using an eyepiece graticule that represented an area of 250 m ϫ 250 m in 4 to 6 sections obtained from each animal and counts expressed as number of cells/sq mm. Densities were compared for both grey matter (GM) and white matter (WM) using a nonparametric t-test (Mann-Whitney test, Graphpad Prism).
Measurement of Lengths of OPC-Depleted Zones
The length of the OPC-depleted zone was measured using an eyepiece graticule that represented an area of 250 m ϫ 250 m in 6 to 9 sections obtained from each animal. The rate of repopulation of OPC-depleted tissue (in mm/week) was calculated for each time period by subtracting the mean length of the OPC-depleted zone at each survival time from the length recorded at the earlier time point or from 7 mm, which was the length of the irradiated zone. This value was divided by 2 (to account for repopulation from both sides) and by the time elapsed (in weeks), as described earlier (8) . Values obtained in this manner were averaged and a mean rate of repopulation obtained. The rates of colonization of tissue in each group were compared using the nonparametric t-test (Mann-Whitney test, Graphpad Prism).
Examination of Rates of Repopulation of Transplanted Adult OPCs
To determine if the rate of colonization of CNS tissue by adult OPCs is increased when OPCs from old animals are introduced into a young host environment, a suspension containing OPCs derived from 10-month-old PVG rats (prepared as described below) was injected into the spinal cord of 2 monthold PVG rats following depletion of the endogenous OPC population with 40 Gy X-irradiation. Host rats were anesthetized with fentanyl/fluanisone (Hypnorm; Janssen Pharmaceuticals), placed in lateral recumbency and 4 cm of the spine centered on T13 was exposed to 40 Gy X-irradiation. 2 weeks later, 1 l of cell suspension containing 5 ϫ 10 4 cells was injected into the dorsal funiculus at the level of T13 (n ϭ 5). Animals were allowed to survive either 17 days (n ϭ 2) or 31 days (n ϭ 3). In order to determine if rates of colonization of OPCs are decreased if young cells are introduced into an older host environment, similar experiments were conducted using cells derived from 2-month-old PVG donors into 10-month-old PVG hosts (n ϭ 4). In these experiments, animals were allowed to survive for 31 days. Animals were perfused and tissue processed for frozen sectioning and NG2 staining as described above.
Measurement of Lengths of Tissue Repopulated by Transplanted OPCs
The area of tissue repopulated by transplanted OPCs was identified by locating an area of tissue containing OPCs that was flanked on all sides by OPC-depleted tissue. The length of tissue populated by OPCs was measured in the rostrocaudal axis in 6 to 8 sections from each animal. In order to calculate the rate of repopulation for 10-month-old cells, the average spread of NG2-positive cells at 17 days post-transplantation was subtracted from the individual values obtained for spread of NG2-positive cells at 31 days. Values obtained in this manner were divided by 2 to account for spread in 2 directions (from the site of transplantation) and also by the time elapsed (2 weeks) in order to arrive at a rate of repopulation in mm/week. We consider this to be the most accurate method of estimation of the rate of repopulation as the distribution of cells due to passive 
Fig. 2.
Graph illustrating the decline in rate of repopulation of OPC-depleted tissue by OPCs as a function of age (in months). The rates of repopulation calculated for individual animals are shown and a best-fit curve was applied to the data points in Graphpad Prism. The endogenous rates of repopulation calculated for adult rats were obtained from identical experiments (0-4 weeks) at the different ages using the focal (7 mm) OPC depletion model with the data for the 5-month-old animals obtained from a previous study (8) . The rate of repopulation calculated for neonatal cells (indicated by dotted line) is obtained from experiments where a suspension of neonatal OPCs (top dwelling cells shaken off a mixed glial preparation) was injected into OPC-depleted tissue (created by 40 Gy Xirradiation) in 5-month-old adult rat spinal cord (11).
← Fig. 1 . NG2 labeling of tissue following X-irradiation of short lengths (7 mm) of rat spinal cord at 6 weeks after X-irradiation. A: No area of complete depletion could be detected in 2-month-old rats; however, occasional small foci of OPC-depleted tissue could be observed that had not been completely repopulated by OPCs (arrows). B: By contrast, a distinct zone of OPC-depleted tissue is still present in 10-month-old rats and the junction between OPC-depleted and OPC-populated tissue can be clearly seen. Scale bar ϭ 100 m. D ϭ OPC-depleted tissue. spread (i.e. by virtue of the injection process alone) and the consequences of OPC number in the injected cell suspension can be minimized, since this distance represents the spread of cells from a source of OPCs established in the tissue. As only 1 time point was available for the transplantation of 2-monthold cells transplanted into 10-month-old hosts, the rate of repopulation of these cells was calculated by multiplying the spread of the transplanted 2-month-old OPCs at 31 days by the calculated rate of repopulation for transplanted 10-month-old cells, divided by the spread of the 10-month-old transplanted cells at 31 days.
Isolation of Cells from Adult CNS Tissue
To exclude the subventricular zone and other neurogenic regions, midbrain and cerebellum were dissected to exclude the entire forebrain from 2 adult (10 month or 2 month) male PVG rats in MEM-HEPES containing 20 mM N-acetyl cysteine and 215 units per ml catalase (isolation buffer). Meninges and surface blood vessels were carefully removed under a dissecting microscope before the tissue was chopped and then triturated by passage through a luer syringe tip in 5 ml isolation medium. Tissue was collected following centrifugation at 500 g ϫ 5 min and resuspended in 30 ml isolation medium containing 0.25% porcine trypsin (Sigma) and 167 units per ml DNAse-1 (Roche, East Sussex, UK) and then incubated for 40 min at 37ЊC with continuous gentle shaking. Digested tissue was recovered following centrifugation at 800 g ϫ 5 min, the supernatant was removed, and 500 l soybean trypsin inhibitor (5 mg/ml; Sigma), 120 l DNAase (20,000 units/ml) and 6 ml isolation buffer were added prior to trituration through 19-, 21-, 23-, and 25-gauge syringe needles. Dissociated material was then filtered through 40 m and 20 m mesh and OptiPrep (60%, w/v; NycoMed Pharm AS, Oslo, Norway) was added to give a final concentration of 9%. This suspension was divided between two 25 ml universal containers. Following centrifugation at 800 g for 20 min, the myelin was removed and the cellular fraction collected and washed by resuspension in 50 ml MEM-HEPES and centrifugation at 500 g ϫ 5 min.
To remove macrophages (via their expression of Fc receptors), the sediment was resuspended in 1 ml isolation buffer containing 0.1% BSA and 1 ϫ 10 7 washed Cellection Dynabeads Pan Mouse IgG and incubated with slow rotation (Dynal MX1 Sample Mixer; Dynal Ltd., Bromborough, UK) at 4 Ú for 30 min. Dynabeads with attached cells were removed using a magnetic particle concentrator, the negative fraction was collected and resuspended in MEM-HEPES at a concentration of 50,000 cells/l for transplantation.
RESULTS
Comparison of OPC Densities in Young and
The densities of NG2-positive cells in 2-and 10-month-old animals were calculated to be 126.4 Ϯ 3.50 (10-month-old rats, GM), 128.0 Ϯ 4.16 (2-month-old rats, GM), 68.6 Ϯ 2.88 (10-month-old rats, WM), and 73.60 Ϯ 2.2 (2-month-old rats, WM). These numbers were not found to differ significantly when values were 
Rates of Repopulation by Adult OPCs
A clear zone of OPC depletion could be observed extending through the GM and WM in both the 2-and 10-month-old groups of animals at 1 month after X-irradiation. All cells had the complex branching morphology of the adult OPC and no immature bipolar phenotypes were observed in young animals that displayed the morphology observed when neonatal cells were transplanted into adult OPC-depleted tissue (11) . The average length of the OPC-depleted zone was 2.29 Ϯ 0.02 mm in 2-month-old animals and 3.98 Ϯ 0.06 mm in 10-month-old animals. By 6 weeks after X-irradiation, no obvious OPC-depleted zone could be discerned in any sections obtained from the 2-month-old group; however, small focal regions of low cell density could occasionally be detected (Fig. 1A) . By contrast, a prominent OPC-depleted zone was still present in 10-month-old animals at this time (Fig. 1B) and the average length of this zone was 2.50 Ϯ 0.02 mm. The rate of repopulation calculated from these lengths for each survival time is summarized in the Table. It can be seen that at both survival times, the rate of repopulation of tissue by OPCs is considerably higher in the 2 month group when compared to that observed in the 10 month group, and this difference was found to be highly significant (p Ͻ 0.001, Mann-Whitney test). The repopulation rate is slightly reduced between 4 and 6 weeks in 10-month-old animals when compared to values obtained between 0 and 4 weeks after X-irradiation, but this difference was not found to be statistically significant (p Ͼ 0.05, Mann-Whitney test).
The average length of the OPC-depleted zone in the two 24-month-old rats was also examined and found to be 4.52 mm and 4.12 mm at 1 month, giving a repopulation rate of 0.32 mm/week and 0.36 mm/week, respectively.
Decline in Rates of Repopulation by OPCs
In order to gain a greater understanding of how rates of repopulation of tissue by OPCs change with age, the rates of repopulation of tissue by OPCs calculated for 2-, 10-, and 24-month-old rats (in the first month after Xirradiation) were plotted as a function of age (in months) together with the rates of repopulation calculated for OPCs from 5-month-old rats from a previous study (8) .
Rates of repopulation previously calculated for neonatal OPCs transplanted into OPC-depleted tissue (11) are indicated by the dotted line at the top of the graph (Fig.  2) . It is clear from this graph that there is a significant decline in the rate of repopulation of tissue by OPCs with increasing age and this decrease is most prominent between neonatal OPCs and OPCs in 2-month-old rats. Rates of repopulation continue to fall progressively between 2 months and 10 months, however no further decline in repopulation rates appears to occur after 10 months and rates of repopulation are closely similar in 10-and 24-month-old rats.
Distribution and Morphology of Transplanted OPCs
To determine whether the rate of recolonization reflected a property of the OPCs or the environment that they were recolonizing, we examined the rate of repopulation of OPCs derived from 10-month-old animals in 2-monthold hosts and 2-month-old cells in 10-month-old hosts.
As reported earlier (12) and observed here (Fig. 3A) , X-irradiation of the spinal cord of rats with 40 Gy results in an almost complete depletion of NG2-positive cells in X-irradiated tissue. We have also established in previous studies that within a 6-week period there is no spontaneous regeneration of NG2-positive cells from within irradiated tissue; rather, depleted tissue is repopulated by progressive ingress of cells from nonirradiated (normal) tissue (8) . Thus, when long lengths of host tissue are Xirradiated, any contiguous population of OPCs (bounded by OPC-depleted tissue) observed within these long lengths of irradiated tissue represents transplant-derived OPCs.
Following transplantation of 10-month-old cells into 2-month-old hosts, a distinct area containing NG2-positive cells was observed restricted to the WM that was spread over a mean distance of 1.7 Ϯ 0.08 mm at 17 days posttransplantation. However, by 31 days post-transplantation, a contiguous zone of NG2-positive cells was observed in both GM and WM (Fig. 3B ) and the mean longitudinal spread of cells had increased to 3.1 Ϯ 0.24 mm, indicating that NG2-positive cell had spread a further 1.4 mm between 2 and 4 weeks after transplantation. In striking contrast, when 2-month-old cells were transplanted into 10-month-old hosts, NG2-positive cells were observed to be distributed over a significantly greater area at 31 days post-transplantation, with the average cell spread calculated to be 6.6 Ϯ 0.11 mm. All transplantderived NG2-positive cells showed the complex branching morphology characteristic of the adult oligodendrocyte progenitor in both the normal GM and WM, with no immature bipolar forms observed.
From the measured spread of 10-month-old cells at the 17 and 31 day time points, the increase in cell spread was calculated to be 1.4 Ϯ 0.2 mm in this 2-week period, yielding a rate of repopulation of 0.35 Ϯ 0.05 mm/week, a rate that is closely similar to the endogenous repopulation rate for 10-month-old OPCs (0.38 mm/week) (Fig.  4) . Extrapolating from this data, we estimated that 2-month-old transplanted cells (which colonized an area of 6.6 mm in 31 days) would have repopulated tissue at the rate of approximately 0.74 mm/week. While this estimated repopulation rate for 2-month-old transplanted OPCs is somewhat higher that the calculated endogenous rate (Fig. 4) , it is clear from our results that host tissue does not a) increase repopulation rates of 10-month-old transplanted OPCs into 2-month-old hosts, or b) decrease repopulation rates of 2-month-old transplanted OPCs in 10-month-old hosts, as would be expected if the cellular environment of the host tissue was responsible for the age-related colonization rates.
DISCUSSION
A number of in vitro studies have demonstrated that
OPCs isolated from the adult rat optic nerve are distinguished from perinatal OPCs by slower rates of cell division, migration, and differentiation (13) (14) (15) (16) ; however, there is little information available on the manner in which these parameters may differ between OPCs from differently aged adults and very limited in vivo data. This has largely been due to the technical difficulties associated with studying the regenerative responses of the OPCs in situ due to ''the relative complexity and inaccessibility of this tissue'' (17) . In the current study we adopted experimental paradigms where areas of OPC depletion are created in the adult rat CNS in order to examine the colonizing behaviors of endogenous OPCs situated in normal tissue adjacent to OPC-depleted tissue (8) and transplanted OPCs introduced into OPC-depleted tissue (11) . These simple experimental models of tissue repopulation provide us with a tool to examine differences in the intrinsic colonizing properties of endogenous and transplanted OPCs in vivo without the potential compounding variables associated with demyelination and inflammation.
Our results show that within an 8-month period, the rate of colonization of OPC-depleted tissue by adult OPCs falls from an average of approximately 0.6 mm/ week (2-month-old rats) to 0.42 mm/week (5-month-old rats) and 0.38 mm/week (10-month-old rats). The density of OPCs in animals of differing age was not significantly different, so we can rule out the possibility that a reduction in the number of OPCs available to undertake repopulation is the primary explanation for the observed age-related decline. Moreover, the comparatively rapid rate of repopulation in the 2-month-old animals cannot be explained on the basis of a contribution from residual neonatal OPCs as no cells with the morphology of transplanted neonatal cells (11) were ever seen in the present studies. We therefore conclude that the colonizing potential of OPCs decreases with age. To investigate whether this age-related decline in the rate of repopulation could be related to some age-related change in the environment that was being repopulated, we undertook transplantation studies in which cells from old animals were introduced into young hosts and vice versa. As the number of OPCs introduced will have an influence on the rate of repopulation, we sought to minimize this by transplanting a similar number of cells immediately after isolation from the different aged donor rats. In this situation we considered the number of OPCs would be similar since the density of OPCs in tissue does not change with age. However, it is possible that OPC number would not be comparable if progenitors from different aged animals have different levels of survival during the preparative and transplantation procedures. Notwithstanding this uncertainty, we found that the transplanted cells showed OPC repopulation rates similar to those found for animals of the same age to the donors. Since there was no evidence that cells from the 10-month-old preparation repopulated quicker in 2-month-old hosts, or the 2-month-old cells repopulated slower in 10-month-old hosts, we inferred that the age-related decline in the rate of repopulation observed in the nontransplanted rats represents an intrinsic property of OPCs rather than a change brought about by alterations in environment with age. Indeed, this conclusion is perhaps strengthened, rather than weakened, by the fact that the 2-month-old cells in the 10-month-old hosts colonized more rapidly than endogenous cells in 2-monthold animals. It is possible that the more rapid rate observed in this experiment could be a consequence of introducing a higher number of OPCs or better survival of those that were introduced. Whatever the exact reason, the result clearly relates to age-related properties of OPCs and their ability not to be influenced by the environment into which they are introduced.
That endogenous OPCs undergo an intrinsic change with age that affects their ability to repopulate OPC-depleted tissue has relevance for developing remyelination therapies and understanding remyelination failure in MS. Based on information on rates of tissue colonization by OPCs from 5-month-old rats along with the knowledge that presence of macrophages may provide a major stimulus for remyelination (5, (18) (19) (20) , we suggested recently that a slow rate of colonization of tissue by OPCs in large areas of OPC-depleted demyelination would result in a temporal mismatch between the presence of a remyelination promoting environment and the interactions of OPCs with demyelinated axons, which could provide an explanation for remyelination failure in MS (21) . In a recent study, we provided support for this concept by demonstrating that the extent of remyelination achieved by OPCs decreases if their entry into an area of demyelination is delayed (11) . If OPC depletion is a primary feature of MS lesions, then consideration of the intrinsic recolonizing ability of OPCs will be central to the development of therapies aimed at enhancing the recruitment of endogenous cells as well as in evaluating the therapeutic potential of cell transplantation therapy. For instance, if we use the rate of OPC repopulation obtained for 10-month-old rats (0.38 mm/week), it would take approximately 13 weeks for endogenous OPCs to reach the center of an OPC-depleted area of demyelination 1 cm in diameter. It is likely that during this time, significant environmental changes would occur that could render the environment unsupportive of remyelination, thereby imposing a significant challenge to attempts to enhance endogenous remyelination. In contrast, if neonatal OPCs with repopulation rates of 1.7 to 2 mm/week (11) were to be transplanted, these cells would be able to repopulate the area in 2 to 3 weeks. We can predict that this difference in the recolonizing ability of endogenous (adult) cells and transplanted neonatal cells will make cell transplantation therapy more advantageous with increasing age, while attempts to enhance the endogenous remyelination process will be more challenging.
It is pertinent to question how the OPC colonization rates generated from normally myelinated tissue can be extrapolated to an inflammatory demyelinating situation. In experimental models where OPCs have to repopulate OPC-depleted areas of demyelination to remyelinate axons (22, 23) , it was found that remyelination was restricted to a distance that is not much greater than the distance over which OPCs would recolonize OPC-depleted normally myelinated tissue (8, 11) . This would indicate that the presence of inflammatory demyelination has little effect on the distance over which OPCs can be recruited and implies that when OPCs are confronted with OPCdepleted areas of demyelination, the intrinsic properties demonstrated in the present study are not significantly altered, implying that the rates determined using repopulation of OPC-depleted myelinated tissue have direct relevance to the inflammatory demyelinating situation. It is possible that other factors, such as the presence of astrocytes, could influence repopulation rates; however, preliminary studies in the Taiep rat, in which there is significant astrocytosis, have so far revealed no significant difference in repopulation rate (24) .
